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I.  INTRODUCTION 


•i 


The  acousto-optic  effect  is  a  Phenomenon  occuring  in  a  nematic 
liotuicl  crystal  in  the  presence  of  both  an  ultrasonic  wave  and  a 
linearly  polarised  light  wave*  The  nematic  cell  is  constructed  by 
inserting  the  liouid  crystal  between  two  sheets  of  glass  chemically 
treated  to  promote  homeotropic  alignment*  Lecithin  is  a  typical 
chemical  agent  which  causes  the  long  axes  of  the  nematic  molecules 
to  become  oriented  perpendicular  to  the  glass  sheets*  Normally  no 
light  is  transmitted  if  the  cell  is  observed  between  crossed 
polarizers*  However*  if  an  ultrasonic  wave  is  directed  to  the  cell* 
light  will  be  transmitted  through  the  second  polarizer* 

Since  1976  it  has  been  known*  that  the  mechanism  causing  the 
effect  is  acoustic  streaming.  However*  the  dependence  of  the  effect 

upon  the  incident  acoustic  angle  is  not  understood.  In  1978*  Letcher* 

Z  *  - 

Lebrun*  and  Candau  reported  for  their  cells  the  effect  took  place  in  a 

relatively  narrow  reside  of  incident  angles*  27  to  30  degrees*  In  1977t 

3  + 

NaSai*  Peters  and  Candau  arid,  in  1978,  Nagai  and  Iizuka  reported  the 
acoustic"  frecuency  dependence  of  the  angular  variation  of  sensitivity 
and  gave .preliminary  results  which  indicated  the  transmitted  light 
intensity  increased  with  increased  acoustic  transmission.  In  1979* 

Perbet*  Hareng*  and  LoBerre*  reported  strong  light  transmission  at 

* 

incident  acoustic  angles  of  maximum  and  minimum  acoustic  transmission. 
Also*  in  1979*  Lebrun*  Candau*  and  Letcher1 reported  the  narrow  angular 
range  for  the  effect  becomes  broadened  when  thin  glass  is  used  for  the 


cell 


Ir 

i  this 

report  we  describe 

the 

study 

we  have  undertaken 

to  , 

« 

ana] 

the 

a  n  g  u  1  a  r  d  &  p  e  n  d  e  n  c  e 

of 

the 

acousto-optic  effect* 

In 

Sect  Lon 

II  a 

theory  is  developed 

which 

giver. 

the  acoustic  transmis 

si  cm 

of'  the  cell  as  a  function  of  incident  acoustic- angler  frequency*  speed 
of  the  acoustic  wave  in  the  fluid* s>  surrounding  the  cell*  density  of 
the  cell r  density  of  the  fluid<s)  surrounding  the  cell*  density  of  the 
glass r  speeds  of  the  longitudinal  and  transverse  waves  in  the  glass* 
thickness  of  the  glass  laser*  thickness  of  the  lieu id  crustal  and 
acoustic  speed  in  the  lictuid  crustal*  Since  each  of  these  Quantities 
are  measureable*  as  well  as  the  actual  transmission*  the  final 
equation  can  be  rigorously  tested  experimentally*  The  results  of  such 
testing  is  reported  in  Section  III  for  both  a  single  sheet  of  glass 
arid  the  lieuid  crystal  cell*  A  comparison  is  also  made  in  this 
section  between  the  acoustic  transmission  and  sensitivity  of  the 
acousto-optiq  effect*  This  comparison  gives  insight  into  the  results 
mentioned  above  by  other  researchers*  We  also  obtain  results  for  the 
-angular  dependence  of  lines  which  often  appear  in  cells  exhibiting  the 
acousto-optic  effect*  In  the  final  sections  conclusions  ere  drawn 
from  these  observations.  Appendix  A  contains  a  computer  program  for 
evaluation  of  the  acoustic  transmission  for  a  given  set  of  the  above 
mentioned  parameters*  Appendices  B  and. ,C  contain  graphs  of  the 
transmission  for  typical  cells  as  a  function  of  angle  for  various 


frequencies* 


II.  THEOKV 

To  obtain  an  race  rcss  ion  for  t ho  transmission  of  on  acoustic  wove 
borough  a  liouid  crystal  colls  we  will  use  the  coordinate  system  of 
Fi/iurc  1,  Although  expo r i mental  1  y  wo  will  immerse  the  cell  in  water 
too  express.!. oji  will  allow  the  Fluid  on  each  side  of  the  cell  to  be 
different* 


Since  fluids  support  no  shear  waves  we  will  only  have 
function  in  the  water  and  liouid  crystal  regions?  a  wave  function  for 


one  wave 


the  compression  wave? 


*  =  4'ei0[Z  +  $"e~iaz)  ei(ffX“Ut) 


In  the  glass  we  will  have  an  additional  function  for  shear? 


y  =  (fci3z  +  fe“i3z)  ei(dx-wt) 


We  note  that,  the  a  component  of  the  wave  number >  O' ,  is  the  same  for 

both  types  of  waves.  Due  to  Snell's  law  we  further  sec  if is  the  same 
in  each  m o d i u m , 


speeds  may  be  found  f r< 


The  material 


The  wave  speeds  may  be  expressed  in  terms  of  the  Lame'  parameter 


and  the 


density? 


The  longitudinal  speed  is  diver*  by 


(5) 


and  the  shear  speed  by 


b  = 


(6) 


For  the  fluid  redion  the  only  stress  is  the  pressure?  since  ji=' Of 
for  the  dlass  redions  we  must  generalize  to 


bi 


where  uv  arid  u_  are  material  displacements  from  eosui  1  ibrium  in  the  x 
and  2  directions*  respectively*  These  displacement  components  are 
related  to  the  speed  components  bs* 


(9) 


iv 


(10) 


As  indicated  in  Fissure  1  we  use  the  suscript  1  to  denote  the 
water  silass  interface  at  2=d*  Ue  let 
p  =  o<d  “U'd  cos  0  /  c  and  Q  -(id  =  d  cosli  /  b 


where 


4 


ia  cos  P 
-a  sin  P 

A  ”  1  -i  (>k2  +  2ya2)  cos  P 
w 


aa  sin  P 

(i) 


-a  sin  P 
ia  cos  P 

1  (  Xt2  +  2  y  a2)  sin  P 
to 

-ia a  cos  P 

to  . 


-i3  cos  Q 

-a  sin  Q 

-2iyg  3  cos  Q 
to 

1  (o2  -  32)  sin  Q  * 

2to 


3  sin  Q 

ia  cos  Q 

2yaS  sin  Q 
to 

i(32  -  P2)  cos  Q 
2to 


(12) 


{ 


P'or  interf'sce  2  we  wri'te  3  siuiilsr  eaustion 


whore  B  is  obtained*  from  A  by  letting  F*-Q=0«  Of  more  interest  is  the 
inverse  of  B* 


(1*») 


We  are  using  the  notation  of  Brekhovskikh  end  Spiel vo£el«  Ue  take 

k2  =  a2  +  a2  (15) 

.  K2  =  a2  +  B2  (16) 

and  use  ~  ~ -  ” 

yK2  =  k2(2p+  X  )  (17) 

from  E oust ions  5  and  6m 

Combining  Equations  11  and  13  we  have 


7 


a  =  2  sin2y  cos  P  +  cos  2y  cos  Q 
li 


a  =  i(tan0  ccs  2y  sin  p  ~  sin  2Y  sin  Q) 
12 


a  =  ^iS®.  (cos  q  _  cos  p) 

13  pc 


a  *  -2ib(tan0  siny  sin  P  +  sin  Q  cosy  ) 

1H 


...  _  I  bcos0  sir.2y  sin  P 

%,  ■ 1  l  ^ C0s2*  E 


inftj 


a  =  cos2y  cos  P  +  2sin2y  cos  Q 
22  • 


&23  =  pc  ^cos®  sin  ?  +  tanY  sin0  sin  Q) 


a  =  2b  siny  (cos  Q  -  cos  P) 

2b 


a  =  2pb  siny  cos2y  (cos  Q  -  cos  P) 

31 


a  ^  =  -ip(c  C~s^  sin  P  +  %b  cosy  sin2y  sin  Q) 


32 


(19) 

(20) 

(21) 

(22) 

(23) 

(2k) 

(25) 

(26) 

(27) 

(28) 


8 


a  =  cos  2y  cos  P  +  2  sinzy  cos  Q 

33 


=  2ipb2  (cos2y  tan0  sin  P  -  sin2y  sin  Q) 


./£  „  .  2  .  „  .  cosz2y  sin  Q\ 

-i(-  cose  sin  Y  Bin  P  +  -  gTc” - ) 


sinG  cos  2y  /  „  _ 

— - - L  (cos  Q  -  cos  PJ 


i  /sin  20  sin  P  cos  2y  tany  sin 

a  =  — —  ( - z - - r~r  - 

43  2p  c  b 


a  =2  sin2y  cos  P  +  cos  2y  cos  Q 

4  4 


7  he  3 a s t  e o irt p o n e n  t  o f  E a u  a t  i  o n  1 B  .i  s 


.  7-  ~  v  +  a  v  +  a  z  +a  z  /2  y 

2y  ZXj  &4  1  X2  42  z2  **  3  z2  ***>  Xz 


This  actuation  describes  what  happens  at  the  dlass  fluid  interface* 
However »  since  there  can  be  no  transverse  stress  in  the  fluid  we  must 


also  have  no  transverse  stress  in  the  glass  at  the  boundary* 


x»  *"xa 


~40 *  Therefore  Eeuation  35  reduces  to 


a  v  +a  v  +a  z  =0 
4  1  X?.  *2  22  4  3  z2 


Incorporating  Equation  3A  into  Equation  IB  we  obtain 


9 


a  1  =  cos  Vjn 
2  2  w 


•  =  -1  sin  PL0  OOS6LC 


plc  clc 


a  ■  .  ~lpLC  Cm  5lD  F1C 
32  COS0Trt 


a  ’  «=  cos  PT„ 

3  3  lit 


where  the  LC  subscript  refers  to  the  value  of  these  parameters  in  the 
lieu  id  crystal,  red  ion* 


We  have  for  the  second  si  lass  re.di.on* 


/  ' 
I  \= 


M  M 

1  2 

M  M 

3  4 


where  the  H  .  ' s  are  divert  in  E«u£*tioiis  39-42* 

l 

Eauations  38?43i>  and  48  combine  to  dive 


•  'v>4':V»~: 


-  i 

**-,«•,*  ,,  ^  .  si- 


■wSJv  •;£  ■ 


11 


whore 


» 

(  \ 

1  A 

t 

c  c 

■ 

M  M  \ 

fa  *  a  »  \. 

f  M  M 

1  2  ’ 

s 

1  1  2  1 

22  23  J 

1  1  2 

c  c 

[  M  M 

i  a  a  •  ) 

i  M  M 

3  4 

\  3  4  / 

(  3  ** 

V  / 

V  / 

\  1 

\ 

(50) 


Krauijtion  49  relates  the  z  component  of  stress  and  velocity  of 
interface  it  the  first  interface  the  incident  wave  encounters t  to 
interface  4r  the  final  interface  of  the  cell*  Ue  may  now  match  the 
incident  wave  with  interface  1  arid  the  transmitted  wave  with  interface 
4  and  thereby  find  the  acoustic  transmission  of  the  cell.  We  will 
ehan.de  the  origin  of  the  coordinate  overt  cm  in  Figure  1  so  it  lies  in 
interface  4  end  take  the  complete  cell  thickness  from  1  to  4  to  be  H. 


Then  for  the  initial  wave  we  have 


♦a  =  L  eiaaU-H)  +  4>” 


i(aax-wt) 


(51) 


**  0  (52) 

ti 

//  1  ^ 
where  (b  is  the  amplitude  of  the  incident  wave  and  fl)  the  amplitude  of 

the  reflected  wave.  The  \  wave  is  traveling  in  the  negative  z 

*  !  ‘ 

direction.  /  / 


Similarly  for  fluid  b 


t  -  *•••  e-10*’51  el(o»I-wt) 


(53) 


.for  the  wave  transmitted  through  the  cell.  Using  Equations  3  >  4  r  and 

I  (ff'X-U/i) 

7- 10  and  omitting  the  common  factor  of  C 


we  have 


(63) 


v  =  K /  K 

Foualion  61  provides,  the  mean by  which  these  coefficients  way  be 
evaluated.  To  calculate  the  transm  i  t  ted  acoustic  intensi  ty  we  must 
evaluate  ! D I  »  Care  must  be  taken  in  doing  so  »  however*  The 
longi budinal  speed  in  the  glass  is  aver  three  times  the  speed  in  the 
water.  Use-  of  Snell's  law  shows  the  critical  angle  for  the  two  types 
of  glass  wo  use  occurs  at  15  degrees  end  15,5  degrees*  Similarly?  the 
shear  wave  speed  in  the  glass  is  over-  twice  the  longitudinal  speed  in 
the  water*  For  the  two  types  of  glass  we  use  the  critical  angle  for 
this  type  of  wave  is  exceeded  at  25.5  and  27  degrees.  Therefore?  we 
find  three  regions  for  the  angle  of  incidence*  A  separate  equation 
for  the  transmission  must  be  found  for  each  region*  the  region  whore 
no  critical  angle  is  exceeded?  where  only  the  critical  angle  for  the 
longitudinal  wave  is  exceeded  and  where  both  critical  angles  are 
exceeded.  For  example?  in  the  second  region  taking  ©  to  be  the  angle 
for  the  compression  wave  in  the  glass  arid  0  in  the  water  we  have  from 


(64) 

(65) 

(661 

Similarly?  if  both  critical  angles  are  exceeded  we  must  make  changes 
in  cos  %  t  sin  Q  ?  and  cos  G» 


Snell's  law 


sin9  =  C.sinO 


.  „  C  sin  0 
so  if  a 


>  1  then 


cos 


0  -*•  i  /  sinz0  -  1 


sin  P  ->  i  sinh  |p| 
cos  P  -*■  cosh  |P| 


real  in  the  matrices  for  one 


Thcref‘oro*cortsin  terms  which  arc* 
verfjc-ii  will  he  imagine ru  in  another  -  Nevertheless  we  do  find  for  all 
red ions  i 


although  the  farm  for  !C  !  will  change  for  each  red ion  - 

Eouation  67  will  be  the  basis  of  comparison  for  the  measurements 
we  will  make  for  the  amount  of  ultrasound  transmitted  through  the 
liouid  crystal  cell*  It  should  be  noted  that  Eauaticn  67  does  not 
include  any  dampin'*  due  to  either  viscosity  or  surface  waves  in  the 
cell*  Furthermore*  we  have  omitted  the  small  anisotropy  for  the  speed 
of  sound  which  occurs  in  lieu id  crystals*  The  latter  simplification 
appears  to  be  less  severe  than  the  former  ones* 


HT  li'XFTRTMCNT 

A.  f»  j : i:‘.n  c;  Layer  Ve ri  ft ca tion 

To  test  Eeuab.  i  67  experimental ly *  we  start  with  the  simple 
case  or  3  single  sheet  of  si  lass  rather  than  the  lieu  id  crystal  cell 

ineiil xwnod  above*  For  this  case  the  1C  .  I  reduce  tn  the  IM  .  *  of 

»  I 

1-euat.i  or:!-  39  -  42 . 


Two  Rename  tries  Model  9302  transducers  are  used  for  the 

transmitter  and  hydrophone*  The  transmitter  is  driven  by  a 

.Hew'l  oti  -Paekard  Model  3312A  function  Generator  in  the  amplitude 
'modulation  mode  externally  modulated  by  a  Hewlett-Packard  Model  3310A 
pulse  deaerator  *  Pulses  were  typical  ly  o1'  »>  sec  .in  width  containing 
approx Lnately  20  cycles  per  pulse*  The  frocueney  is  measured  using  a 
Hewlett-Packard  Model  5326A  timer/counter*  The  g 3. ass  sheet  is  Pieced 
in  the  center  of  a  water  tank  30cm  x  40cm  c-Ocm.  The  acoustic 
•  transmitter  is  located  8  cm  from  the  si  a  as  sheet  with  the  hydrophone 
'approximately  the  same  distance  on  the  other  side*  The  glass  is 
suspended  by  an  angular  positioning  device  allowing  orientation  to  the 
nearest  degree  to  be  specified*  Initial  alignment  is  facilitated  by  a 
laser.  The  signal  from  the  hydrophone  is  amplified  and  sent  to  both  a 
PAP  Model  160  boxcar  integrator  and  Tektronix  564  oscilloscope.  For 
the  data  on  the  graphs  presented  in  this  section  the  values  are  read 
from  the  oscilloscope. 


The  glass  shoots  are  15  cm  x  15  cm  x 
0.03 '56  cm r  respectively.  The  diameter  of 

2 . 5  cm ♦ 


0.16  cm  arid  15  cm  x  15 
both  the  transmitter 


cm  x 
and 


hydrophone  are 


Ety  noting  the  time  of  the  various  Pulses 


i.l  i. i'j.  l  .vv-’od  on  the  osci 1 loseope  the  reflection  source  may  be  jdent  i  f  i<*d>.. 
As  the  oriental ion  of  the  glass  changes  the  times  between  the 
i  of' lection  dulses  arid  Main  pulse  changes*  The  largest  reflected  pulse 
amounts  to  10%  of  the  main  pulse. 

The  following  constants  are  used  for  the  thicker  gl^ss* 

y  _  .  c 

longitudinal  and  shear  speeds,  5*61  x  10  ~  cm/ sec:  and  3,32  x  10“ 

*  2 
ciii/sec?  respectively *  with  a  density  of  2*5-1  gm/em~,  For  the  thin 

5  S 

glass  these  values  are  5 » 8  j  x  10  cm/sec?  3,-18  x  10  cm/ sec  and  2*51 
gm/cirf  *  respectively*  The  thicker  glass  is  float  glass  obtained  from 

PPG  Industries*  The  manufacturer  supplied  the  values  of  Young's 

1  o 

modulus*  1*0  x  10  15.*/ in  '»  and  the  Poisson  ratio*  0,23*  from  which  the 

above  acoustic  speeds  are  obtained.  The  thin  glass  is  obtained  from 

4 

Corning  Glass  Co,  which  supplied  the  shear  modulus*  4,4 -x  10  psi*  and 
Poisson  ratio*  0,22*  from  which  the  acoustic  speeds  for  the  thin  glass 

are  calculated. 


Figure  2  is  a  graph  of  the  ratio  of  the  hydrophone  voltage  with 
the  glass  present  to  that  without*  The  abscissa  is  the  angle  between 
the  normal  to  the?  glass  elate  and  that  of  the  acoustic  beam.  The 
crosses  arc  the  experimental  values  obtained  approximately  every 
defies,  The  solid  line  is  the  theoretical  result  from  Eouation  67  for 
IIiJ  using  the  above  constants.  It  should  be  noted  that  there,  are  no 
adjustable  parameters  used  in  this  graph  since  each  constant  of 
Eouation  67  is  known*  There  are  two  peaks  of  100%  transmission  in  the 
thoo-retieal  plot  at  16,5  degrees  and  <  35,4  degrees*  as  well  as  a  dip 
to  xero  transmission  at  15.9  degrees,  experimentally  the  crosses  in 
the  graph  show  the  upper  peat.*  though  shifted  to  34,5  degr  as  arid 


The  lower 


peak 


anu 


BTC 


reds*; -*d  from  100 %  to  70%  transmission,  The  lower  Peek  and  dip 
miss.: n.i »  however,  Those  discrepancies  ore  due  in  port  to  the  finite 
ac.-eor  1, once  angle  of  the*  hydrophone*  Figure  3  if;  identical  to  Figure-*  2 
except  each  Point  on  the  theoretical  plot  is  averaged  over  the  valuer, 
•for  3  degrees  on  each  side.  Tie.*  averaging  brings  the  upper  peak  down 
to  n  in  ax  i  liiuiri  of  82,9%  and  places  it  at  35,2  degrees  as  well  as  great  I  v; 
reducing  the  lower  *  r-oak  and  a  1.  no  si  el  ini  noting  the  Clip*  Thin 
averaging  will  be  performed  in  the  subsequent  graphs* 


figure  4 


shows  the  comparison  of  theory 


and 


experiment 


•for  s 


single  sheet  of  the  thin 
predict  two  to  three  percent 
expo  i  i  mentally  *  in  agreement 
-omitted  am;  dissipation  of 
result*  A  f reo*  series  of  0,050 


glass.  The  theory  appears  to  unifor  islw 
higher  transmission  than  what  is  realised 
with  Figure  3*  Considering  we  have 
the  sound  wave  we  would  expect  "such  a 
MHz  is  used  for  Figures  2  and  3  and 


0,857  MHz  for  Figure  4,  For  the  thicker  glass  the  resulting 
wavelengths  for  the  longitudinal  and  shears  waves  are*  respectively* 
0,6?  cm  and  0,39  cm*  The  ratio  of  wavelength  to  glass  thickness  is 
0-25  and  0,41 r  respectively.  For  the  thinner  glass  the  longitudinal 
and  shear  wavelengths  are  0,021  and  0,036  r  respectively ♦  It  is  this 
smaller  ratio  for  the  thin  glass  which  makes  it  suited  for  the  nematic 
co 3 .1  exhibiting  the  acousto-optic  effect.  We  shall  see  the  uniform 
higher  sound  transmission  allows  for  a  greater  light  transmission  in 
the  aeousto-ontic  effect  with  less  angular  sensitivity. 


P,  !  Lf'i.ilrj  Crustal  Coll  Invests  go lion 


The  nematic  lieu id 
common!  y  known  ss  K18* 
nematic  phase  transit  ion 
isotropic  transition  at 
Chemoto!  s  Carp .  and  used 


crystal  is  4  -  cysno  -  4 '  -  n  hexyl  biphenyl 
The  transition  temperature  for  the  crystal  to 
occurs  at  14.5°  0  arid  the  nematic  to 

2? #4°  C*  It  is  obtained  front  Atomersfic 
without  further  purification* 


Each  cell  is  constructed  by  coating  two  glass  sheets  with 
lecithin  to  promote  homeotropic  el j dnment  of  the;  lieuid  crystal*  The 
coated  sides  are  placed  next  to  one  another  with  80  j/m  spacers  at  the 
edges.  The  lieuid  crystal  is  then  introduced  at  the  glass  edges 
between  the  spacers  and  pulled  into  the  cell  by  capillary  action* 

After  the  cell  has  been  filled  with  the  nematic  the  edges  are 
coaled  with  wax*  Epoxw  is  then  applied  at  all  edges.  The  wax  is  used 
to  prevent  the  nematic  from  reacting  chemically  with  the  epoxy*  For 
cells  made  with  the  thin  glass  the  cell  is  mounted  in  a  plexiglass 
frame  for  added  support* 

The  acoustic  wave  for  these  cells  is  generated  by  the  method 
described  above  or  with  a  Medi  Sonar  Model  1100  ultrasonic  generator* 
The  1  otter  operates  at  1  MHz  and  is  used  when  greater  power  is 
reouired*  Intensities  of  1.1  Watts/  cm  may  be  obtained  with  this 
unit  5 


For  measurement  of  the  light  transmitted  bw  the  acousto-OPt ic 
effect  a  150  Watt  lamp  is  used.  Light  passes  through  the  liouid 


*  * 


crustal  cel  1,  a  second  eol <-.r i  ror  with  an  ax i ",  o;  ientod  a t.  90 
to  toe  first^  end  to  a  photomul  Url ier.  Too  signal 
photomul  tiplier  is  ampli  f  i*.-d  end  sent  to  a  didit3l  voltmete r 


from  the 


Figure  5  shows  the  ratio  of  voltade  to  the  hydrophone,  wi^h  and 
without  the  liouid*  crystal  cell,  as  a  ■function  of  angle.  For  Fisui-e  5 
the  Cell  is  constructed  erf  the  thicker  ti  1  a s s  and  an  acoustic  f reeupneu 
of  1  nHs  is  used*  The  crosses  are  the  experimental  ratios  and  the 
solid  line  is  the  theoretical  value  of  fill  from  Equation  67.  Toe 
details  of  the  prod  raw  used  for  the  evaluation  of  Equation  67  is  found 
in  Appendix  A*  The  solid  points  on  the  graph  are  for  the  1  i dirt \ 
intensity  in  arbitrary  units  transmitted  vis  the  acousto-optic  effect. 


It  would  appear 


the  acousto-optic  effect  is  operative 


when 


the 


cell  configuration  allows  maximum  transmission  of  sound*  This  result 


appears  to  explain  the  results  of  Letcher r 

reported  a  strong  optical  signal  for  only 

angles *  27  to  30  degrees*  This  result  is 

■a 


a 

Lebrun  end  Candau  who 
a  narrow  range  of  incident 
also  in  agreement  with 


Nasiai*  Peters  and  Candau "  who  found  a  correlation  with  experimental 
acoustic  and  optical  transmission*  Equation  67  also  explains  their 
results  for  acoustic  transmission  versus  film  thickness*  their  Figure 
7*  Also*  the  broadening  of  the  transmission  for  thin  glass  as 


2 


reported  by  Lebrun*  Candau  and  Letcher  is  explained* 
in  disagreement  to  that  of  Per bet*  Ha rend  and  LeBerre^ 
optical  signal  for  lar  ie  acoustic  reflection.  We 


This  result  is 
who  report  an 
find  no  optical 


signal  for  large  acoustic  reflection 


•>  '  • 

If  we  conclude  that  Equation  67  mas  be  used  to  predict  maximum 
acoustic  transmission  and  therefore  maximum  transmitted  light  from  the 
acousto-optic  effect  it  would  appear  the  eouation  could  be  used  to 
prescribe  how  a  given  cell  should  be  made  for  a  particular  acoustic 
freouencu.  Or  if  the  cell  size  is  determined  bu  other  consideration*. 
Eouation  67  could-  be  used  to  prescribe  the  acoustic  freouencu  which 
should  be  used*  For  instance r  for  the  thicker  glass  cell  used  in 
Figure  5^  assuming  an  incident  angle  of  zero*  Eouation  67  is  used  to 
determine  the  acoustic  transmission*  See  Figure  6*  The  results 
indicate  that  an  acoustic  freouencu  of  around  500  kHz  would  give  the 
best  results* 

For  Figure  7  the  cell  was  constructed  of  the  thinner  glass 
sheets*  Again  we  see  as  the  acoustic  transmission  increases  more 
light  is  transmitted*  In  comparing  Figure  7  with  Figure  4  and  Figure 
5  with  Figure  3  we  see  the  difference  in  the  theoretical  sound 
transmission  and  experimental  sound  transmission  increases  as  one 
changes  from  a  single  glass  sheet  to  a  1 iouid  crustal  cell*  The 
increase  is  reasonable  since  the  means  of  dissipation  has  increased* 
The  flows  induced  in  the  liouid  crustal  which  give. rise  to  the 
acousto-optic  effect  are  in  fact  an  added  means  of  dissipation  of  the 
acoustic  energy. 

Another  means  of  dissipation  is  the  surface  wave  generated* 
Figure  8  shows  a  series  of  photographs  for  the  cell  viewed  between 
crossed  polarizers.  The  photographs  labeled  A  to  F  have  the  incident 

6  0  0  O  O 

acoustic  beam  at  angles  0»4vl2*5rl5r  -17  (from  the  right  rather 
than  the  left)»  and  33°.  The  dark  circle  with  the  knob  on  the  left  in 
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the  photographs  is  the  acoustic  transmitter* 


The  small  tilted 


rectangle  in  each  picture  is  a  spacer*  In  each  picture  vertical  lines 
iare  shown.  In  the  absence  of  acoustic  waves  these  lines  dissappear* 
The  light  transmitted  in  each  line  is  the  result  of  acoustic  streaming 
in  the  liauid  crustal  <  i*e*  the  acousto-optic  effect).  As  the  angle 
of  incidence  increases  the  distance  between  the  lines  decreases. 
"Figure  9  is  a  graph  of  the  line  spacing  as  a  function  of  angle.  If  we 
-imagine  a  plane  wave  of  incident  angler  ^ »  coming  to  the  cell  surface 
d;he  component  t  d  t  of  the  wavelength  along  the  surface  is  given  by 


d  = 


X _ 

sin0 


(63) 


We  would  expect  a  surface  wave  to  be  generated  and  the  distance 
.between  the  lines  to  be  proportional  to  d.  Since  for  normal  incidence 
'.Eouation  (68)  shows  d  to  become  infinite  we  generalize  the  eouation  to 

line  spacing  =  a/s  in  (0  +  b)  (69)  ... 

where  a  and  b  are  constants.  The  constant  b  should  result  from  the 

divergence  of  the  incident  acoustic  beam*  The  continuous  curve  in 

Figure  9  is  for  Eouation  69  with  3=1.25  mm  and  b=14.38  degrees.  Lines 

5 

similar  to  these  have  been  reported  by  Perbet*  Harendr  and  LeEerre. 
The  angular  dependence  we  observe  lends  support  to  their  claim  that 
the  linos  result  from  surface  waves* 


From  Eouations  38»  43 t  ABt  59 »  and  60  we  find  the 


ratio  of 


to  v43  1 


,  +  \  [H,  +  gb-^M.,] 
cos  eb 

[H,  ^  s  m7| 

*•  cos  0. 


Since  this  ratio  is  complex  it  contains  information  concerning  the 
phase*  The  two  surfaces t  labeled  2  and  3 1  are  the  liouid  crystal 
boundaries*  If  this  phase  is  180  decrees  we  have  a  peristaltic  wave 
traveling  a lend  the  liouid  crystal  laser*  If  the  phase  is  zero 
decrees  we  have  an  ordinary  flexural  wave*  In  Fidures  10  and  11  the 
phase  calculated  from  Equation  70  is  plotted  as  a  function  of  incident 
acoustic  andle  for  the  thick  dlass  and  the  thin  dlass  cells 
respectively*  Referring  to  Fidure  5  we  see  there  is  a  significant 
amount  of  lidht  from  the  acousto-optic  effect  for  incident  sndles  in 
.the  rande  of  29  to  33  dedrees*  From  Fidure  10  we  see  the  boundaries 
are  out  of  phase  <  50  to  140  dedrees)  in  this  redion  divind  rise 
mainly  to  a  peristaltic  wave.  From  Fidure  7  we  find  for  the  thin 
dlass  cell  the  lidht  intensity  increases  with  andle  and  from  Fidure  11 
the  phase  difference  becomes  smaller  with  andle  to  a  phase  of  around 
20  dedrees  at  an  incident  andle  of  40  dedrees  deneratind  mainly  a 
flexural  wave*  It  would  appear  therefore  the  important  feature  divind 
rise  to  the  acousto-optic  effect  is  the  amplitude  of  vibration  for  the 
lictuid  crystal  boundaries  as  indicated  above  rather  than  the  relative 
phase* 


It  is.  of  interest  therefore  to  see  how  the  andular  transmission 


I-  1  »' 


,  -s’”*  *  * 
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changes  as  a  function  of  the  acoustic  frequency  for  the  cells* 
Appendix  B  is  a  series  of  graphs  which  show  the  theoretical  value  of 
IB  l  from  Equation  67  as  a  function  of  angle  for  the  thick  glass  cell* 
For  low  freauencies*  100  kHz*  for  which  the  ratio  of  acoustic 
wavelength  to  thickness  of  a  single  glass  plate  is  about  0*03  the 
curve  is  fairly  flat  with  a  transmission  greater  than  50%  for  all 
angles  less  than  60  degrees*  As  the  frequency  is  increased  to  300  kHz 
the  lower  angle  transmission  decreases  and  a  peak  appears  at  higher 
angles*  The  peak  becomes  narrower  at  400  kHz  and  appears  at  a  lower 
angle*  By  500  kHz  a  peak  has  appeared  at  lower  angles r  as  well»  and 
is  seen  to  increase  in  location  at  600  kHz*  These  peaks  continue  to 
approach  one  another  and  are  nearly  superimposed  at  one  MHz* 

In  Appendix  C  a  series  for  a  thin  glass  cell  is  presented*  For 
the  first  graph  the  freuuencw  is  1*0  MHz  which  still  gives  an  acoustic 
wavelength  to  glass  thickness  of  about  0.03  since  the  glass  is  so 
thin*  Again  we  see  a  rather  flat  curve  with  the  transmission  above 
60%  for  all  angles.  At  2  MHz  a  peak  appears  and  at  3  MHz  a  second 

n  , 

-one*  At  4  MHz  the  two  peaks  have  narrowed  and  merged*  The  narrowing 
continues  to  8  MHz* 

In  Figure  12  the  theoretical  plot  of  amplitude  ratio  versus  the 
thickness  of  the  nematic  layer  is  plotted  for  an  acoustic  frequency  of 
1  MHz  and  zero  acoustic  incident  angle*  It  would  appear  from  the 
sound  transmission  the  best  thickness  for  a  cell  made  of  the  thin 
glass  would  occur  at  200  micrometers*  For  higher  freauencies  the  peak 
occurs  at  lower  thicknesses  and  is  narrower*  At  1.9  MHz  the  peak 
occurs  'at  70  micrometers*  ■  *  ' 


In  Figure  .13  the  theoretics],  amplitude  is  given  as  a  function  of 
acoustic  f roouencH »  for  a  coll  of  the  thin  glass  with  zero  acoustic 
incident  angle.  The  decrease  in  ratio  above  3  MHz  continues  up 
through  8  MHz t  as  seen  in  Appendix  C.  It  would  appear  the  best 
freauenca  occurs  at  1.9  MHz.  The  ref  o  re  r  we  conclude  the  best  cell  for 
the  thin  glass  and  for  zero  incident  acoustic  angle  would  occur  for  a 
freauenca  of  1*9  MHz  and  find  the  optimum  nematic  thickness  to  be  70 
micrometers. 
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IV.  CONCLUSIONS 


We  have  developed  an  equation  to  allow  evaluation  of  the 
acoustic  transmission  through  a  lieuid  crustal  cell  os  a  function  of 
incident  acoustic  angle*  frenuency  and  thickness*  density  and  acoustic 
speeds  of  the  materials  in  the  cell*  Although  a  number  of  simplifying 
assumptions  are  made  in  the  derivation*  such  as  omitting  viscous 
dissipation*  we  find  good  agreement  between  the  theoretical  prediction 
and  the  experimental  realisation  for  acoustic  transmission*  We  also 
find  a  positive  correlation  between  the  maximum  acoustic  transmission 
and  the  maximum  sensitivity  for  the  acousto-optic  effect*  Therefore* 
the  transmission  equation  may  be  used  to  prescribe  cell  structure  and 
acoustic  frequency  for  the  utilization  of  the  acousto-optic  effect* 
Appendices  B  and  C  contain  examples  of  how  one  may  use  the  equation  in 
this  way.  The  maximum  acoustic  transmission  of  the  cell  occurs  at 
those  angles  where  the  component  of  the  incident  wavelength  along  the 
glass  surface  matches  the  wavelength  of  a  flexural  or  peristaltic  wave 
along  the  glass  at  the  imposed  acoustic  frequency*  Therefore*  the 
maximum  acoustic  transmission  occurs  when  the  liouid  crystal 
boundaries  have  their  largest  amplitudes  of  oscillation*  The  result 
is  important  for  the  resolution  of  a  visualized  acoustic  wavefront 
pattern*  To  increase  the  resolution  we  must  not  only  dampen  the 
lateral  flew  of  the  lieu id  crystal  but  we  must  dampen  the  lateral 
flexural  or  peristaltic  wave  induced  in  the  glass  walls.  There  are 
several  means  of  inducing  such  damping*  We  are  presently  attempting 
to  increase  the  cell  resolution  by  increasing  the  lateral  damping* 
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APPENDIX  A 


Append!*  A  contains  a  prodram  in  Basic  to 
transmission  throush  3  licuid  crystal  cell  as  3 
acoustic  andle* 


dive  the. 
■function  of 


acoustic 

incident 
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ID  V1=0 

20  REM  DENSITY  Rl(H20>r  R< GLASS) r  R3(L.C.)»  R4IAIR  OR  H20> 

30  REM  SPEED  01<H20>*  C(GLASS),  B<GLASS>»  C3<L.C»>*  C4<AIR  OR) 
40  REM  DISTANCE  D1<L.C.),  D2( GLASS) 

50  REM  ANGLE  V1(H20)  =  THE  INITIAL  ANGLE 
160  R3=l 
170  R4=i 
180  Rl=l 

190  04=150000  I 

200  F=900000 
210  R=2 . 54 

220  01=150000  '  .  * 

230  0=560845 
240  D=332216 
250  03=150000 
260  Dl=,003 
270  D2=»0146 

300  IF  C*SIN<V1)/C1>1  THEN  400 
310  GOTO  1000 

400  IF  B*SIN<V1)/C1>1  THEN  5000 
410  GOTO  3000 
1000  S8=C*STN<Vi>/01 
1010  S9=B*SIN<V1)/C1 
1020  C3=SQRT<1-1*S8"2) 

1030  C9=SGRT<1-1*S9"2) 

1040  C7=2*C9"2-1 
1060  P=2*3,14159*F*D2*08/C 
1070  G=2&3  ♦ 14159$F#D2ifcC9/B 

1080  S6--SIN(P>  •  * 

1090  06 “COS(P) 

1100  S5=SIN(Q) 

1110  05=C0S(G) 

1120  J 1  =2*B*C3*S6*S9/C-S9*C7*S5/C9 
1130  J2=C7*C6+2*S9”2*05 
1140  J3=-S8*S9#S5/ < C*R*C9 ) -C8*S6/ ( C*R ) 

1150  Kl=-2*B*R*S9>!cC7)|cC6-f2*B*R*S9*C7>i{C5 
1160  K2=-4*B*R#S9”23jcC9^S5-C#R^07''2#S6/08 
1170  K3=C7*C6+2*S9"2#C5 

1180  Ll=-i*C7r’2*S5/<2*B*C9>-2*S9~2JicC8*S6/C 
1190  L2=-S3*C7*C6/0+S0*C7*C5/C 

2000  L3=-S9^C7^cS5/  (  2#B~2*R>KC9  )  +S6*S8*C8/  ( C”2*R  ) 


2010  M1«J2~J1#L2/L1  -  . 

2020  H2=J3-J1*L3/L1 

2030  N3=K2+K1*L2/L1 

2040  M4=K3-K1*L3/L1 

2050  T8=C3*SIN(V1)/C1 

2060  U8=SQRT(1-T8~2)  * 

2070  Pl=2*3 . 14i59^F3KBl^U8/C3 
2080  A1~CQS(P1 ) 

2090  A2=-SIN(P1  )#U8/(R3>lcC3) 

2100  A3=-R3*C3*SIN(P1)/U8 
2110  A4=A1 

2120  El=-ril5jcri2*A3-Hl5JcM3i|cA2“H2>i?M3>KA4+Ml>icMl)!{Al  . 

2130  E2==Hl*M2*Al+Ml*H4*A2+M2*M4^A4-M2*ri2>!!A3 
.2140  E3=Ml*M35KAl-H11)RM4-4(A3+M3*H4*A4“H3>!cM3>!(A2  ' 

2150  E4=-M2*H3*Al“M2#M4*A3-M3*M4*A2+M4*M4iifA4 
2160  Z1=R1'£C1/C0S<  VI) 

2170  Z4=R4*C4/SQRT(1-1*(C4*SIN(V1)/C1>~2> 

2180  T2~4*Z4”‘2/<  <Z4*E4TZ1*E1  >~2+<E3+Zl*Z4*E2>~2> 

2189  T2-SQRT  <T2) 

2190  PRINT  INT<10*V1*180/3.14)/10,T2,TAB<15+50*T2> 
2200  Vl-Vl+3. 14159/180 

2210  IF  Vl>70*3» 14/180  THEN  8000  .  .  .  . 

2220  GOTO  300 

3000  S8=C.K5IN(V1)/C1 

3010  S9~B$SIN( VI )/Cl 

3020  C8~SQRT  <  S8~2— 1 ) 

3030  C9=SaRT<l-l*S9"2> 

3040  C7=2*C9~2-1 

3050  P=2*3.14159#F*D2*C8/C 

3060  Q=2*3.14159*F*D2*C9/B  . :  1  * 

3070  S6=<EXP<P)-EXP(-P) )/2 
3080  C6" <  EXP ( P ) +EXP  < -P ) > /2 

3084  S5=SIN(Q) 

3085  C;5=C0S(G> 

3090  J1=-B*C8*S6*2*S9/C-S9*C7*S5/C9 

3100  J2=C7*C6+2*S9"2*C5 

3110  J3=~S8.lcS9)HS5/<C^R^C9)+C0>!cS6/(C«R) 

3120  K1=-2*B#R*S9*C7*C6+2*B*R*S9*C7*C5 
3130  K2=-4*B*R*S9~2*C9*S5-C*R*C7”2*S6/C8 
3140  K3=C7#C6»-2*S9''2*C5 

3150  Ll=- 1*C7~2*S5/(2*B*C9)+2*S9"2*C8*S6/C 
3160  L2=~S8*C7*C6/CTS8*C7*C5/C 
3170  L3--S9*C7*S5/  <  2*B"2*R*C9 )  -S6*S8*C8/  <  C"2#R  ) 
3180  GOTO  2010 
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5000  S8=C*SIN<V1>/C1 
5010  59=B*SIN(V1)/C1 
5020  C8-SGRT ( S8"2-l ) 

5030  C9=SGRT<S9"2~1)  ' 

5040  C7=- 2*C9”2-i 

5050  P=2*3.14159*F*D2>fcC8/e 

5060  a=2*3.14159#F*D2*C9/B 

5070  S6- <  EXP ( P ) -EXP ( -P ) ) /2 

5080  C6~  <  EXP*  <  P  )  +EXP  <  ~P  >  )  /2 

5090  S5- (EXP<Q)-EXP(~R) )/2 

5100  C5~  <  EXP  <  Q )  -FEXP  < -Q ) ) /2 

5110  J1=HB*C8*S6*2*S9/C“S9*C7*S5/C9 

5120  J2=C7*C6+2*S9~2*C5 

5130  J3=“-58*S9#S5/  <  C*R*C9 )  +CS*S6/  <  C#R ) 

5140  Kl=;-2*B*R>i<S9#C7!{<C6+2»B$R*S9)icC7#C5- 
5150  K2=4SBo<P:#S9”25KC9^85-C#r\*C7"23icS6/C8 
5160  K3=C7*C6+2&S9~2#C5 

51 70  L  1~— 1  *C7~2*S5/  <  2#B*C9 )  +2*S9~2*C8*S6/C 

5180  L2--~SS*C7*C6/C+S8H<C7>|{C5/C 

51 90  L3= -S9*C7*S5/  ( 2#B"2*R*C9  )  -S6*S8*C8/  (  C^2*R ) 

5200  GOTO  2010 

8000  END 


APPENDIX  B 


Appendix  B  contains  the  computer  print-out.  for  the  acoustic 
transmission  as  a  function  of  anMle  for  a  lieuid  crustal  cell  usind 
Slsss  1*6  mm  thick  and  a  liouid  crustal  layer  0*08  mm  thick*  The 
freouencies  used  varu  from  100  kHz  to  1  MHz* 


l 
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RUN 


FREQUENCY  *  100000 

ANGLE  SO* ROOT  T2 
0  *53031519 
2  .53049074 
4  .53101764 
6  .5318928 
8  .53310191 
10  .53458961 
12  .53614786 
14  .53671979 
16  .50364879 
18  .55621914 
20  .55744664 
22  .56194362 
24  .5678085 
26  .57475542 
28  .58273586 
30  .59176335 
32  .60187158 
34  .6130994 6 
36  .62548237 
38  .63904676 
40  .65380648 
42  .66976124 
44  .68688188 
46  .70511943 
48  .7243843 
50  .74456355 
52  .7654945 
54  .7869849 
56  .80879108 
58  .83065597 


* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 


* 

* 

* 

* 

* 

* 

* 

* 

* 

* 


33LR 


*  ■* 


FREQUENCY  =  200000 

ANGLE  SO. ROOT  T2 
0  .34651734 
2  ..34652966 

4  .34656605 
6  .34661781 

5  .34664528 
10  .34650293 
12  .34565976 
14  ,34146675 
16  .26142596 
18  .3775428 
20  .37185371 
.22  .37389204 
24  ,37855743 
26  .33512721 
28  .39352561 
30  .40387373 
32  .41638878 
34  .43135173 
36  ,44909745 
38  .47001909 
40  .49453393 
42  .52311694 
44  .55619384 
46  .59413948 
48  ,63713051 
50  , 6B497456 
52  .73683352 
54  .79120591 
56  .84526676 
58  .89552709 


* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

.  * 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 
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FREQUENCY  *  300000 

ANGLE  SQ.R00T  T2 
0  .32365379 
2  .32349096 
4  .32298899 
6  .32209405 
8  .32066008 
10  .31828903 
12  .31372772 
14  .30122937 
16  .15743477  * 

18  .37393455 
20  .3530139 6 
22  .349408 
24  .35052289 
26  .35454083 
28  .36123751 
30  .37090848 
32  .38415687 
34  .40186889 
36  .4252746 
38  .45605482 
40  ,49648752 
42  .54959303 
44  .61903527 
46  .70804023 
48  .81524999 
50  .92433679 
52  .99392697 
54  .98251658 
56  .90117879 
58  .79729963 


FREQUENCY  =  400000 

ANGLE  SO. ROOT  T2 

0  *44575546  * 

2  .44550411  * 

4  .4446042  * 

6  . 44258774  * 

8  .43854122  .  * 

10  .43071006  * 

12  .41496347  * 

14  .37567037  * 

16  9.9410913E-02  * 

18  .57428437 

20  .49033762  * 

22  .45991837  * 

24  .44093094  * 

26  .42797399  * 

28  .42019843  * 

30  .41826343  * 

32  .42357769  * 

34  *43836952  * 

36  .4661941  * 


38  .51296621 
40  .58873302 
42  .7088387 
44  .87912815 
46  .99979624 
48  .8722682 6 
50  .64427637 

52  .47698099  * 

54  .37026756  * 

56  .30125195  * 

58  .25502811  * 


3S 


FREQUENCY  -  500000 

ANGLE  SO* ROOT  T2 
0  *9975715 
2  *99701681 
4  *99530841 
6  *99285562 
8  .99154948 
10  .99454156 
12  .99999471 
14  *94080152 
16  6.2643351E-02  * 
18  *86642261 
20  *99819855 
22  *9556492 
24  *83643918 
26  .71178303 
28  *61440708 
30  .54968327 
32  .51535038 
34  *51080818 
36  *54167181 
38  .62599924 
40  .80105178 
42  *99890343 
44  .75957952 
46  .45576596 
48  *296223 


50  *21062039  * 

52  *16009318  * 

54  .12793822  * 

56  *10637034  * 

58  *09137821  * 


FREQUENCY  -  600000 


ANGLE  SQ.ROOT  T2 

0  ♦ 

30500073 

2  . 

30179229 

4  ♦ 

29326018 

6  ♦ 

28215715 

8  . 

2718099 

10 

♦26538554 

12 

,26626798 

14 

♦28324073 

16 

3.8622229E-02* 

18 

♦30400601 

20 

♦36175208 

22 

♦46167116 

24 

.63904649 

26 

♦90453746 

28 

,97731108 

30 

♦78256852 

32 

♦6412908 

34 

♦59504245 

36 

.64279457 

38 

♦83487877 

40 

,95840298 

42 

.50310603 

44 

.26612626 

46 

.16407183 

48 

.11207212 

50 

8 ♦ 2105742E-02 

52 

6 » 3350093E-02 

54 

5.0914309E-02* 

56 

4.2331909E-02* 

58  3.6242261E-02* 


FREQUENCY  =  800000 

ANOLE  S8.R00T  T2 
0  *09482626  * 

2  "9 ♦2695369E-02  * 

4  8.7360146E-02  * 

6  0  ♦  100.1516E-02  * 

0  7.5340103E-02  * 

10  7  ♦  10251 14E-02  * 
12  6 ♦ 75489S2E-02  * 
14  6* 1327748E-02  * 

■  16  5»2167358E-04>{< 


18  *12910011  # 

20  .12714057  * 

22  *14078961  * 

24  *19323683  * 


26  *28436823 
28  .50303717 
30  .95537299 
32  *84255748 
34  *75271136 
36  *99470917 
38  .44571181 
40  .16920712  * 

42  .08498257  * 

44  4  *  9745958E-02>S 
46  3.2026262E-02* 

48  2.2039981E-02* 

50  1. 595921 2E-02* 

52  1.2043273E-02* 

54  9.4132979E-03* 

56  *00758951  * 

58  6.2938972E-03* 


* 


* 


* 


3  gr 


xrjzjzxu 


i  •:aui-NCY  =  700000 
.U3LE  SQ.RGOT  T2 


0  ♦14614023  « 

2  ♦ 14398759  * 

4  ♦13834244  * 

6  ♦1310977  $ 

8  .12417377  He 

10  .11882437  # 

12  ♦11532526  * 

14  *1114234  * 

16  3. 603402 IE-02* 

18  .17296716  * 

20  ♦  j.8446955  * 


22  .22275625 
24  .29632343 
26  .4481302 
28  .77005966 
30  .98714771 
.  32  .76241145 
34  .67334193 
36  .79491955 
38  .95902435 
40  .41070682 

42  .19101633  # 

44  .10856379  * 

46  6 ♦ 9545699E-02  t 
48  .04819727  * 

50  3.5364793E-02* 

52  .02713297  * 

54  2.1596836E-02* 

56  1.7743446E-02* 

58  .01499378  * 


* 


RUN 


FREQUENCY  «  1000000 

ANGLE  SO. ROOT  T2 


0  *062  * 

2  *054  * 

4  .044  * 

6  .039  * 

8  .037  * 

10  .035  * 

12  .034  * 

14  .027  * 

16  .012  * 

18  .119  * 

20  .097  * 

22  .107  * 

24  .133  * 

26  .188  * 

28  .331  * 

30  . 795 
32  .895 
34  .992 

36  .312  * 

38  .094  * 

40  .04  * 

42  .021  * 

44  .012  * 

46  .007  * 

48  .004  * 

50  .003  * 

52  .002  * 

54  .001  * 

56  .001  * 

58  .001  * 


fc 


APPENDIX  C 


Appendix  C 
transmission  as 
Slass  0*146  mm 
frequencies  used 


contains  the  computer  print-out  for 
a  function  of  andle  for  a  liouid  crustal 
thick  and  o  liouid  crustal  lauer  0*08 
vary  from  1  NHs  to  8  MHz. 


the  acoustic 
cell  usiriS 
mm  thick*  The 
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RUN 


FREQUENCY  =  1000000 

ANGLE  SQ.ROOT  T2 
0  .697 
2  .697 
4  .697 
6  .697 
8  .697 
10  .697 
12  .697 
14  .694 
16  .724 
18  .705 
20  .705 
22  .706 
24  .70S 
26  .711 
28  .714 
30  .718 
32  .722 
34  .728 
36  .734 
38  .742 
40  .75 
42  .759 
44  .77 
46  .781 
48  .793 
50  .807 
52  .821 
54  .835 
56  .851 
58  .866 


* 

* 

* 

* 

* 

* 

* 

* 


* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 


* 


* 

* 


* 


* 

* 


* 

* 

* 

* 


* 


FREQUENCY  =  2000000 

ANGLE  50V ROOT  T2 
0  .855 
2  .856 
'  .86 
6  .867 
8  .8 77 
10  .889 
12  .906 
14  .928 
16  .903 
18  .953 
20  .974 
22  .99 
24  .998 
26  .998 
.28  .983 
30  .968 
32  .942 
34  .912 
36  .832 
38  .856 
40  .834 
42  .813 
44  .809 
46  .808 
48  .813 
50  .825 
52  .844 
54  .867 
56  .893 
58  .92 


H- 3 


*  *  *  * 


FREOUENCY  =  3000000 

ANGLE  SQ.ROOT  T2 


0  *158  *' 

2  *159  * 

4  *159  * 

6  *16  # 

8  *161  # 

10  *163  # 

12  .165  * 

14  .167  * 

16  .208  * 

18  .194  * 

20  .204  * 

22  .22  * 

24  .243  * 

26  .274  * 

28  .317  * 

30  .378  * 

32  .462'  * 

34  .58  * 

36  .732  * 


38  .89 
40  .986 
42  .995 
44  .964 
46  .94 
48  .94 
50  .962 
52  .99 
54  .998 
56  .96 
58  .881 


* 

* 

* 


* 


* 

* 

* 

* 


*  * 


FREQUENCY  =  4000000 

ANGLE  SQ.R00T  T2 


0  . 

066 

* 

2  . 

066 

* 

4  . 

066 

* 

6  ♦ 

066 

* 

8  ♦ 

066 

* 

10 

♦  066 

* 

12 

.066 

* 

14 

.064 

* 

16 

.101 

* 

18 

.08 

* 

20 

.083 

* 

22 

.089 

* 

24 

.099 

* 

26 

.113 

* 

28 

.133 

* 

30 

♦  164 

* 

32 

♦  21 

* 

34 

.286 

36 

♦  415 

38 

.629 

40 

.89 

42 

.998 

44 

.991 

46 

.999 

48 

.959 

50 

.764 

52 

.54 

54 

.388 

56 

.295 

58 

♦  238 

* 

FREQUENCY  =  5000000 

ANGLE  SQ.R00T  T2 


0  .041  * 

2  .041  * 

4  .04  * 

6  .04  * 

8  .04  * 

10  .039  * 

12  .038  * 

14  .036  * 

16  .077  * 

18  .05  # 

20  .051  # 

22  .055  * 

24  .061  * 

26  .072  * 

28  .037  * 

30  .111  * 

32  .152  * 

34  .227  * 

36  .381  * 

38  .694 
40  .979 
42  .999 
44  .924 

46  .567  * 

48  .311  •  * 

50  .191  * 

52  .131  * 

54  .098  .  * 

56  .078  # 

58  .066  * 


#6> 


I 

\ 


FREQUENCY 

=  6000000 

ANGLE  SQ 

.ROOT  T2 

0  *033 

* 

2  *033 

* 

4  .032 

* 

6  .031 

* 

8  .031 

* 

10  .03 

* 

12  .029 

* 

1 A  .02 6 

* 

16  .08 

* 

18  .04 

* 

20  .04 

* 

22  .044 

* 

24  .049 

* 

26  .050 

* 

28  .073 

* 

30  .098 

32  .144 

34  .244 

36  .501 

38  .944 

40  .999 

42  .752 

44  .316 

46  .154 

* 

48  .09 

* 

50  .06 

* 

52  .043 

* 

54  .033 

* 

56  .027 

* 

58  .023 

* 

H-7 


FREQUENCY  -  7000000 

ANGLE  SQ • ROOT  T2 


0  .033  * 

2  .033  * 

4  .032  * 

6  .031  * 

8  .03  * 

10  .029  * 

12  .027  * 

14  .023  # 

16  .116  * 

18  .041  * 

20  .04  * 

22  .043  * 

24  .048  * 

26  .053  * 

28  .074  * 

30  .104  * 

32  .166  * 

34  .329  * 

36  .812  * 

38  .994  ¥ 

40  .781  * 

42  ,255  ¥ 

44  .103  « 

46  .058  * 

48  .036  * 

50  .024  * 

52  ,018  * 

54  .013  * 

56  .011  * 

58  .009  * 


¥& 


FREQUENCY  =  8000000 

ANGLE  SO. ROOT  T2 


0  *046  * 

2  *045  * 

4  .044  * 

6  .042  * 

8  .03?  * 

10  .036  # 

12  .033  * 

14  .025  * 

16  .277  * 

13  .055  * 

20  .051  * 

22  . 053  * 

24  .059  * 

26  .06?  * 

28  .089  * 

30  .123  * 

32  .221  * 

34  .52? 

36  .994 
38  .999 

40  .349  * 

42  .112  * 

44  .051  * 

46  .023  * 

48  .017  * 

50  .012  * 

52  .003  * 

54  .006  * 

56  .005  * 

58  .004  * 


4? 


Figure  1  gives  the  coordinate  system  for  the  lieuicl  crystal  cell*  The 
origin  is  st  the  first  dlass-liauid  crystal  interface  for  the  initial 
matrix  calculation  and  is  moved  for  the  final  matrix  calculation  to 
the*  lower  glass-fluid  B  interface* 


Figure  2  is  a  siraph  of  the  ratio  of  voltarfes  from  the  hydrophone  with 
and  without  a  single  sheet  of  1*6  mm  thick  diass  as  a  function  of 
andle.  Therefore*  this  draph  shows  the  acoustic  transmission  of  the 
dlass  as  a  function  of  andle*  The  crosses  are  experimental  points* 
The  solid  line  is  from  Equation  67  for  IDS*  Since  each  factor  in  the 
eauation  is  measured  there  are  no  adjustable  parameters  used  to  induce 
the  fit*  Therefore*  the  draph  represents  a  severe  testind  of  the 
theory*  Foi  this  draph  the  thicker  dlass  cell  is  used  and  a  frequency 
of  0.058  MHs.  No  correction  is  made  for  the  finite  acceptance  and  1  e 


of  the  hydrophone 


SNfcd 


Figure  4  is  3  graph  of  the  ratio  of  voltages  from  the  hydrophone  with 
and  without  a  single  sheet  of  0*146  mm  thick  glass  as  a  function  of 
angle*  The  f reoueney  is  0*857  MHz* 


56 


►  + 


RNGL.E  C  IN  DEGREES 


Figure  5  is  a  graph  of  acoustic  transmission  through  3  liauid  crystal 
cell  made  of  the  1.6  mm  thick  glass  3  a  function  of  incident  acoustic 
angle.  The  acoustic  transmission  is  measured  as  the  ratio  of  voltage 
from  the  hydrophone  with  and  without  the  presence  of  the  liouid 
crystal  cell.  The  solid  line  is  the  theoretical  value  of  IDS  from 
Equation  67.  The  crosses  are  the  measured  values  cf  acoustic 
transmission.  The  filled  circles  are  measured  values  of  transmitted 
light  intensity  via  the  acousto-oetie  effect  using  arbitrary  linear 
units.  It  should  be  noted  that  the  maximum  light  intensity  occurs  at 
the  incident  angle  for  maximum  acoustic  transmission. 
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RNELE  C  IN  DEEREES 


Figure?  6  is  a  graph  of  acoustic  transmission  as  a  function  of  acoustic 
frequency*  fhe  solid  line  is  the  theoretical  value  from  Equation  67. 
The  crosses  are  the  experimental  values*  There  are  no  adjustable 
parameters  used  to  induce  the  fit  since  each  parameter  in  Eeuation  67 
is  known  or  measured*  A  ljeuid  crystal  cell  made  of  1.6  mm  thick 
sllass  is  used  for  these  results. 


RMPLITUDE  . 


Figure  7  is  similar  to  Figure  5  only  the  liouid  crystal  cell  is 
constructed  of  thinner  glass*  0.0146  nun  thick.  The  filled  circles 
represent  measured  values  of  transmitted  light  intensity  via  the 
acousto-optic  effect. 
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RMFL.ITUO 


REES 


Fi .dure  8  is  a  series  of  pictures  of  the  liuuid  crystal  while  excited 

bw  an  ultrasorr «:  wave*  The  snacind  between  the  resulting  vertical 

lines  is  soon  to  decrease  with  increasing  acoustic  angle ♦  The  angle 

of  incidence  for  _*«ch  rieture  i s * 

A*  aero  de. drees 
»  four  decrees 

C ♦  twelve  and  one  half  degrees 
D  ♦  f  i  i ' t e e n  d c drer s 
E .  negative  seventeen  degree* 

F'»  thirty  three  decrees 


(Prom  ttie  right  rather  than  left) 


Figure  9  is  o  tfranh  of  the  distance  between  the  lines  such  ss  those 
shown  in  Fidure  8  as  a  function  of  incident  an die .  The  sol id  line  is 
the  fit  from  Equation  69. 
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RNGLE  C  IN  DEGREES 


Fiduro  10  in  a  slrar-h  of  tine  noose  ansflc  of  one  1  i ou id  crystal  glass 
surface  with  respect  to  the  other  versus  incident  wave  angle  for  a 
lieu  id  crystal  cell  constructed  of  1 » 6  in  in  thick  Ml  ass «  Fauatiori  70  is 
used  for  these  values* 
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vc-  11  is  £/ i i!i .1. .1. •:> r  to  Figure  10  onlo  fur  ft  oe.t  1  mode  with  0*0146  mm 
iilsUS* 
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rnigl_e:  c  in  £>eere:s:5  i 

20  30  M0  SB  B0  70 


7/ 


aSHHed 


Figure  .1?  i  s  a  s»T-c»'h  of  acoustic  transmission  from  Equation  67  as  a 
function  of  1  joule!  crystal  layer  thickness  for  s  cell  of  1.5  mm  thick 
sslass.  A  f  reouenc-y  of  1  MHx  and  incident  anslle  of  Tie  to  decrees  is 
used  ♦ 


NEMRT1C  THICKNESS  C  IN  MICROMETERS 


Fiji ij it-  13  i*.>  iiii:  scou&tic  ti-t:ii*»!aii>siori  Tit r  a  t.eJ  1  ii'L’i.U?  with  0*01^o  nufi 
thick  jilssa  versuo  f reouoncw • 
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